Large horizontal axis wind turbine design and numerical analysis by Pechlidou, Effrosyni
 
  -i- 
 
Large horizontal axis wind 







SCHOOL OF SCIENCE & TECHNOLOGY 
A thesis submitted for the degree of  






THESSALONIKI – GREECE 
 
 
Large horizontal axis wind 












SCHOOL OF SCIENCE & TECHNOLOGY 
 
  -iii- 
A thesis submitted for the degree of  
Master of Science (MSc) in Energy Systems 
 
FEBRUARY 2021 
THESSALONIKI – GREECE 
Abstract 
This dissertation was written as a part of the MSc in Energy Systems at the International 
Hellenic University. This paper deals with the aerodynamic analysis of a large three-
bladed horizontal axis wind turbine, as well as, its numerical analysis. The aim of this 
study is to research and model the physical properties of the flow field around a wind 
turbine that will be accomplished by using the Computational Fluid Dynamics design 
tools. The first step of the study, concerns the two-dimensional design of the blades of 
the wind turbine, using the NACA4412 airfoil, via the QBlade software, followed by the 
three-dimensional design of the blades and the rotor at the AutoCAD Inventor software. 
The next and most significant step of the study, is the simulation of the generated geom-
etry that was performed using a moving reference frame to record the periodic conditions 
of the flow field around the rotor blade of the wind turbine. Finally, the results regarding 
the performance and the power output of the wind turbine of the computational fluid anal-
ysis were compared to those of the QBlade. 
I would like to acknowledge, the extreme effort and the valuable guidance Mr. D. Misirlis 
showed, throughout this long period of study on the aerodynamic analysis and design of 
a large horizontal wind turbine blade. I want to deeply thank my supervising professor 
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1 Introduction 
1.1 Energy Demand  
The biggest threats of the globe nowadays, are the global warming and the pollution of 
the environment. Both, cause many hazards and repercussions that over the years escalate 
rapidly, while the future projections are significantly alarming. On the other hand, the 
existing conventional energy resources are declining in a significant pace. The above de-
note that there is an urgent need to alleviate the current situation by shifting to alternative 
energy resources. 
 
More specifically, the main source for the production of energy, is and will continue to 
be, the coal. The projection of the world energy demand shows a significant rise by 50% 
by the year of 2050 and it is presented in the following Figure 1.1. A quick observation 
regarding both the historical data and the projections significantly indicates, that nearly 
all of the increase occurs to the non-OECD countries, while the OECD curve almost re-
mains constant. 
Figure 1.1: World energy consumption, quadrillion British thermal units [1]. 
 
A simple explanation regarding the findings above is that the growth in energy consump-
tion comes from the non-OECD countries, where the strong economic growth increased 
access to marketed energy, while the rapid population growth led to the rising of energy 












slower, because of the relatively slower population and economic growth, the develop-
ments in energy efficiency and also, less growth in energy-intensive industries. Conclud-
ing, there is an increase in the energy consumption of nearly 70% between 2018 and 2050 
regarding the non-OECD countries, while only an amount of 15% increase for the OECD 
countries [1]. 
 
Therefore, due to the vast consumption and their projections of fossil fuels that produce 
CO2 emissions and thus cause climate change, the swift from the conventional energy 
resources into a renewable energy transformation, is the major rationale. The main drivers 
towards cleaner and renewable forms of energy are [2]:  
• The hasty decline in the costs of renewables, 
• The improvements in air quality, 
• The drop in CO2 emissions, 
• The improvement in energy security and the enhancement of an affordable and 
universal access in energy, and 
• The substantial socio-economic benefits. 
Figure 1.2: The needs and opportunities are driving the energy transformation [2]. 
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Therefore, the swift in renewable energy can be instrumental not only, in social and eco-
nomic development, energy access, energy security, energy independency, but also, in 
the decline of the repercussions in health and environment. Actually, many remote and 
inaccessible areas, can provide excellent prospect to transform the ongoing fossil energy 
use into renewable and hence, to mitigate greenhouse gas emission and climate change. 
Moreover, energy from renewable sources could decrease the carbon emissions from 
about 220 Gt to 560 Gt between the years 2010-2050, compared to about 1.530 Gt in-
creasing fossil and industrial CO2 emissions in the same period [2,3]. 
 
Energy source from renewables comes from different types of energy which are: solar, 
hydro, wind, geothermal and biomass. This thesis deals with the exploitation of wind 
energy for the production of electricity. Accordingly, the next section of the chapter is a 
brief introduction to wind power and its benefits comparatively with other renewable re-
sources. 
 
1.2 Wind Power 
Wind, in fact, is a form of solar energy, that is caused from three individual physical 
phenomena that interact with each other. More specifically, the uneven heating of the 
atmosphere from the sun, the earth’s irregular terrain and the earth’s rotation, contribute 
to the production of wind. Wind power is extracted from the wind turbines, that operate 
from the movement of wind and produce electricity using the aerodynamic force from the 
rotor blades. In fact, wind acts as a propeller to the blades that cause the rotor to spin that 
drive the generator that creates energy. 
 
Amongst all the renewables, wind is observed as one the fastest rising renewable source 
in the energy sector, where the usage of wind power has an extensive and old history [5]. 
The interest on wind power started to become more intense after the 1973’s oil crisis. 
Wind power has many advantages, but mostly is viewed as clean, practical, economic and 
environmentally friendly alternative energy source [6]. In more detail, wind power is 
available in a local scale and it does not provoke any environmental pollution [5, 7, 8]. 
Because of the many environmental benefits, wind power project had gained strong pub-
lic support, although, contrary to that, the implementation of wind power has also 
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generated public oppositions throughout the years, that took the form of the NIMBY (Not 
In My Back Yard) syndrome [9, 10]. Needless to say, the generation of electricity from 
wind has more social and economic advantages than electricity generation from conven-
tional fuels. 
 
 Regarding the role of wind energy, the International Renewable Energy Agency has de-
clared wind power as the “prominent generation source by 2050”, meaning that wind, 
amongst others, will be one of the main drivers for a renewable energy transformation. 
According to that, future expectations show that offshore and onshore wind energy to-
gether, will be able to generate almost 35% of the total needs in electricity. All the above 
clarify the reason, why many institutions invest in wind power and highlight it as a leader 
in achieving decarbonization in the next three decades. Consequently, the following Fig-
ure 1.3, represents an almost 90% rise in the wind power share in the total generation mix 
by 2050 compared to 2016. Last but not least, the right chart shows that solar energy is 
also a strong competitor in the generation of electricity. More precisely, the total installed 
capacity by 2050 shows that more capacity will be needed for solar PV (8.519 GW) as 
compared to wind (6.044 GW) [2]. 
Figure 1.3: Wind would be the largest generating source, supplying more than one-third of total electric-
ity generation needs by 2050 [2]. 
 
According to that, wind power has a strong potential in the mitigation of energy-related 
carbon emissions. The fact that, wind power can generate more than one third of the total 
electricity needs by the year of 2050, could be a significant solution in the mitigation of 
carbon emissions (6.3 Gt of CO₂) and as presented in Figure 1.4, compared to all low-
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carbon alternatives, wind power is the leader. This is explained due to the large installa-
tions of wind power that replace the conventional power plants [2].  
Figure 1.4: Wind power would contribute to 6.3 Gt of CO₂ emissions reductions in 2050, representing 
27% of the overall emissions reductions needed to meet Paris climate goals [2]. 
 
Although, wind power is quite an old form of energy transformation with historic designs, 
that in a great extent were inefficient, large and heavy, eventually, was replaced by con-
ventional fossil fuel engines in the 19th century. Therefore, the evolution made in the 
aerodynamics in the latter half of the 20th century, lead to a substantial come back of wind 
energy along with a complex theoretical aspect in the aerodynamic design of the blades 





1.3 Research Aim 
The fact that, wind power is the prominent leader in carbon alternatives and a key solution 
in mitigating the CO2 emissions, pinpoint the need of a further analysis of the theoretical 
aspects of the aerodynamics design regarding the wind turbines. In order to exploit wind 
power in a maximum way and to achieve economic feasibility, the performance of the 
wind turbines must be maximized. In that manner, the aim of the present thesis is to in-
vestigate and analyze the aerodynamics of the wind turbines. More specifically, this study 
deals with the aerodynamic design and the numerical analysis of a large horizontal axis 
wind turbine with three blades. The aerodynamic design approach will be achieved by 
computational fluid dynamics (CFD) analysis, as it is widely used in industries for ana-
lyzing, optimizing and verification in pre-field testing. Although, before stepping to the 
numerical analysis of the problem, it is mandatory to provide a complete framework re-
garding the flow field around a wind turbine and its performance, along with a brief re-
view of the aerodynamic models.  
 
1.4  Research Scope 
This section is a brief introduction about need for aerodynamic analysis for wind turbines 
and the extend to which the research area will be explored., the methodology of the pre-
sent research and the process of the study and finally, the thesis outline and a briefing 
about the focus points of this dissertation. 
 
1.4.1 The need for aerodynamic analysis of wind turbines 
As it was highlighted above, wind, is a fundamental energy source that has been studied 
thoroughly the last century. Suffice it to say, the vast implementations and the en masse 
financing in research programs regarding wind turbines, pinpoint the importance of the 
exploitation of wind energy as an alternative energy resource against the repercussions of 
the global climate change. Therefore, one can easily perceive that, the utilization of wind 
power has much less effects on the environment. In that manner, wind turbines, reduce 
the amount of electricity generation from fossil fuels because they replace the ongoing 
conventional energy production. 
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Hence, there is a need to grasp the aerodynamic framework, to pursue the optimal wind 
turbine blade efficiency, in order to provide the maximum power. In other words, wind 
turbines should be designed with an aerodynamic profile so that lift is created. The gen-
eration of lift act as a rotating force of the blades of the wind turbine and produces energy 
from the rotor. The proper design of the blades provides higher performance and thus, 
higher rotational speed, making them ideal for electrical energy generation. 
 
1.4.2 Research methodology 
The research methodology is based three different aspects. The first one, is in introduction 
to the theoretical framework in the aerodynamic analysis of the wind turbines where the 
reader can grasp the main parameters regarding the design, the flow field around the 
blades and the efficiency. The second part, deals with the definition of the current problem 
followed by the two-dimensional and the three-dimensional design of the blade using the 
QBlade software and therefore, to generation of the three-dimensional design of the blade 
and the rotor of the wind turbine from the AutoCAD Inventor software. The last part, 
deals with the computational fluid analysis with the ANSYS Workbench 2020 R2 soft-
ware that provided the results of the simulation.   
 
1.4.3 The process of the study 
The process of the study, after the reference on the theoretical framework is consisted of 
many steps:  
• The formulation of the problem, 
• The two-dimensional and the three-dimensional design of the blade using the 
QBlade software, 
• The three-dimensional design of the rotor and the blade using the AutoCAD In-
ventor software, 
• The import of the geometry in the ANSYS Workbench 2020 R2 software, 
• The establishment of the boundary and initial conditions, 
• The generation of the meshing grid, 
• The establishment of the simulation strategy, 
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• The establishment of the input parameters, 
• The performance of the simulation and 
• The monitoring of the completion of the simulation. 
 
1.4.4 Thesis outline 
This paper deals with the aerodynamic design of a large three-bladed horizontal axis wind 
turbine, as well as its numerical analysis. It is consisted of seven chapters that serve to the 
process of the analysis. 
The present chapter provides information regarding the global energy demand and then 
need for wind power and its exploitation, in order to produce electricity via wind turbines. 
Also, the aim and scope of the study are pointed out, as well as the research methodology 
and the process of the study and the outline are also mentioned. 
The second chapter provides the basic knowledge of aerodynamics, the parameters and 
its models, from the literature. Reference is also made to the basic definitions that will be 
used throughout the study selection, as well as a comprehensive investigation regarding 
the boundary layer theory, in order to adapt the behavior of the flow around an airfoil.  
The third chapter is the introduction to the definition of the problem, followed by the two-
dimensional design of the blade of the wind turbine that was generated in the QBlade 
software using the XFOIL analysis, followed by the three-dimensional design in QBlade, 
using the Blade Element Momentum theory BEM model. 
The fourth chapter, continues with the three-dimensional design of the rotor and the blade 
of the wind turbine, using the AutoCAD Inventor software and the generation of a 120o 
geometry around the rotor blade that will serve as the flow field. 
The fifth chapter, shows the procedure of the computational fluid simulation of the flow, 
i.e., meshing grid and setup, of the geometry exported from the AutoCAD Inventor, using 
the Ansys CFX Workbench 2020 R2 software. 
The sixth chapter provides the results of the simulation compared to those of the QBlade 
software, while the last chapter denotes the conclusions of the investigation. 
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2 Literature Review 
This chapter serves a brief review of the basic definitions and theories. Historical data, 
special parameters and performance indicators are also highlighted and explained exten-
sively in order to create an integrated view of the wind power and the aerodynamic design. 
 
2.1 Wind Turbine Blade Design Parameters 
Wind turbines are in practice energy converters that use wind energy to produce electric-
ity. In other words, the kinetic energy of the wind is converted into electricity. The con-
version of kinetic energy into mechanical happens in two stages. In the first, the kinetic 
energy of the wind is converted into mechanical energy, as a result of the rotational speed 
of the blades of the wind turbine and in the second stage, the conversion of mechanical 
energy (rotational motion) into electrical takes place through the electric generator of the 
wind turbine [27]. 
Before the construction of any project, there is always the stage of the study and the de-
sign. Regarding the wind turbines, it is mandatory to study thoroughly the aerodynamics 
since the motion of air is the driving force.  
In fact, the aerodynamic study of a wind turbine, not only is one of the most important 
analyses for the realization of the project, but also, is intertwined with all stages of design. 
This is because aerodynamic analysis is the one that will give results and answers to many 
design issues. First of all, aerodynamic analysis will place the limits on the wind turbine's 
performance based on fundamental laws of science, most notably the Betz limit, and thus, 
the wind turbine's final performance will be based on some figures such as wind speed 
tip speed ratio and power coefficient. 
Finally, the aerodynamic study will give numerical results required in other studies, such 
as emerging trends, to select the appropriate thicknesses of the wind turbine sections, or 
the required wind turbine sizes such as blade diameter.  
In general, modern wind turbines are designed based on the aerodynamic principles. The 
blades are designed to interact with the incident flow of the wind, so that lift force 
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develops. Lift is accompanied by the development of the drag force which is designed to 
be a small percentage of the lift in the operating point conditions. The lift and the devel-
oping positive torque in the rotor, rotate the blades of the wind turbine and leads to the 
extraction of energy from the wind [11]. 
The classification of the wind turbine is determined by the orientation of the shaft and the 
rotational axis. The wind turbines are ranked into two different categories, the horizontal 
axis wind turbines (HAWT), where the shaft is horizontally mounted to the ground and 
the vertical axis wind turbine (VAWT), where the shaft is normal to the ground, like 
shown in Figure 2.1 [12]. 
Figure 2.1: Alternative configurations for shaft and rotor orientation [12]. 
 
The rotor design of each category can easily be distinguished, where the development of 
the VAWT is characterized by the low tip speed ratio and the difficulty in controlling 
rotor speed and due to that, it is not so favorable, but still in development, due to its 
potential overall. On the other hand, regarding the HAWT, it is a dominant design con-
figuration that is attributed to increased rotor control via pitch and yaw control [12]. 
Regarding the efficiency of the blades of a wind turbine, the literature suggests to focus 
on the optimization of the airfoils. The optimal selection of an airfoil depends on the blade 
performance and generally, more than one airfoil is applied in the virtue of the selected 
thickness distribution. In a structural point of view, the thicker airfoils are placed near the 
blade root and the thinner ones, are applied at the area of the tip, so that the distribution 
of the airfoils is smooth from root to tip [13]. 
Aerodynamically shaped bodies are considered to be bodies whose surface does not show 
discontinuities and at the same time, their vertical dimension is a small percentage of the 
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horizontal dimension in the direction of flow [14] which is depicted in the next Figure 
2.2. 
Figure 2.2: Basic airfoil geometric parameters [14] 
 
A characteristic aerodynamic body is the airfoil, which is designed to have a rounded 
front (leading) edge and a sharp trailing edge. The primary components regarding the 
design of an airfoil are, the distribution of thickness and the shape of the mean line. The 
shape of the airfoil is often designed with a symmetric curvature of upper and lower sur-
faces. The behavior of the airfoil in the flow field proportional to the angle of attack, i.e., 
the angle formed between the airfoil string and the direction of the flow and the Reynolds 
number of the flow. Another important feature of the airfoil is the change of the dimen-
sionless lift and drag coefficients as a function of the angle of attack and the stall angle,  
Figure 2.2: Flow lines and angle of attack in normal (upper) and inverted (lower) airfoil [14]. 
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the angle at which the lift coefficient decreases and the drag coefficient increases with 
increasing angle of attack, which is also known as the stall condition [14]. 
The airfoil is, in reality, the cross section of a blade, meaning that the blade has a limited 
expansion and the flow field around it is three-dimensional. The flow around a blade can 
be considered two-dimensional only in a case where its expansion is large enough and 
there is sufficient distance of the from its edges [14]. 
One of the typical sizes of the blade the length L, which is calculated from the relation: 
 𝐿 = 𝑏2/𝐴                                                                  (2.1) 
 
where 𝑏 denotes the expanse and A denotes the surface of the blade, which is taken as the 
reference surface for the calculations.  
The lift produced in airfoils, ensues when the airfoil curves the streamlines of the flow 
field and creates pressure changes – lower pressure on the upper surface and higher pres-
sure on the lower surface of an airfoil. 
The lift depends on the angle of attack and the curvature of the mean line of the airfoil. 
The optimization of the geometric parameters of the airfoil in order to produce the maxi-
mum possible lift and at the same time to show the minimum possible drag is carried out 
with the help of the airfoil theory, which is part of the blade theory [14]. 
Regarding the types of airfoils, the most recognized series are those of the NACA (Na-
tional Advisory Committee for Aeronautics) shown in Figure 2.3, which derive from the 
German Goettingen series of airfoils [15]. 
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Figure 2.3: The NACA airfoils1. 
 
The rapid development of aerodynamics in the USA, France, Germany and England, 
started after the first aircraft flight in 1903 by the Wright brothers. The emerging demand 
in aerodynamics resulted in the design of a number of airfoils, which had different geo-
metric and aerodynamic characteristics and therefore their standardization was deemed 
necessary [15]. 
Therefore, during the late 1920s and into the 1930s, the National Advisory Committee 
for Aeronautics (NACA) developed a series of thoroughly tested airfoils and devised a 
numerical designation for each airfoil -four and five digit- designs that have been used 
for early modern wind turbines. Henceforth, the specific classification of the NACA air-
foils, for example NACA 4415, refers to their geometric profile where the 1st digit cor-
responds to the maximum chamber to chord ratio, the 2nd digit is the camber position in 
tenths of the chord and the 3rd & 4th digits are the maximum thickness to chord ratio in 
percent [16;17].  
Summarizing the above, there are two types of wind turbines, the vertical and horizontal 
axis wind turbines that both have significant potential but possess different characteris-
tics. In order for a wind turbine to be efficient, so that it can produce the maximum power 
output, the design of the blade is the most fundamental part of the design. More specifi-




The types of airfoils range according to size, shape and thickness, but in general, they are 
aerodynamically shaped bodies with a rounded front edge and a sharp trailing edge. The 
main driver of that shape is the generation of lift force and therefore, power yield. 
 
2.2 Basic Definitions 
This section is a brief reference regarding the main definitions of energy, efficiency, tip 
speed ratio, solidity and the coefficients of power, thrust, lift and drag. 
High rotor efficiency is required for increased wind energy extraction and should be max-
imized within the limits of affordable production. Energy (P) in the form of kinetic en-




𝜌𝐴𝑈3                                                                           (2.2) 
 
Where:       U is the air Velocity, 
A is the swept area, 
ρ is the air density. 
 
The amount of energy that can be extracted depends on a physical limit that is independ-
ent of design. To maintain the extraction of energy in a flow-process, the kinetic energy 
and subsequently, the wind velocity, must be reduced. The magnitude of energy utilized 
is proportional to the reduction in the speed of air over the wind turbine. Full extraction 
of energy (100%) indicates also zero final velocity and thus zero flow [12]. 
It is practically impossible to achieve a zero-flow scenario and therefore, the kinetic en-
ergy cannot be utilized to the maximum, which leads to a commonly accepted principle 
that signifies that the efficiency on the wind turbine caps at 59.3%. More specifically, this 
principle refers to the Betz limit, a parameter which is also known as the power coefficient 
Cp, where max Cp = 0.593. The major assumption in the Betz theory is the constant and 
linear velocity. Hence, any kind forces that cause rotation of the flow, such as wake rota-
tion, turbulence caused by drag or vortex shedding (tip losses) will reduce to a greater 
extent the maximum efficiency of the wind turbine. In general, efficiency losses are re-
duced by [12]: 
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• Preventing low tip speed ratios that provoke rotation of the wake  
• Selection of airfoils with a high lift to drag ratio 
• Specific tip geometries 
 
In the view of the design of the blade of the wind turbine, one of the major parameters 
around which all other optimum rotor dimensions are calculated, is the tip speed ratio and 





                                                (2.3) 
 
Where:             λ is the tip speed ratio, 
Ω is the rotational velocity (rad/s), 
R is the radius of the blade, 
U∞ is the free stream velocity. 
 
Regarding the modern wind turbines, the standard values of are in the range of 6 to 8 for 
three blades and range from 10 to 12 for two blades. The same as the above is applicable 
also for the local tip speed ratio, but for a specific distance r from the rotor of the wind 
turbine. 
 
The solidity σ of the turbine is defined as the ratio of the surface of the blades to the swept 
area and it is the primary dimensionless size that describes the geometry of the wind tur-
bine. Similarly, chord solidity σr is calculated in the same way as the solidity of the wind 




                                              (2.4) 
 
Where:             N is the number of blades 
c is the cord length  
r is the certain radius 
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Thrust coefficient CT expresses the relationship between thrust and the kinetic energy of 







                                                 (2.5) 
 
Where:             ρ is the density of the air 
Ad is the rotor swept area 
 
The power coefficient CP refers to the relationship between the power of the turbine and 







                                                    (2.6) 
 
Where the denominator is the available energy of the wind. 
The lift and drag coefficients are characteristic for each different airfoil and depend on 















                                                    (2.8) 
 
2.3 Wind Turbine Performance 
The performance of a wind turbine is defined by three different key indicators. The cap-
ture of wind energy from the wind turbine rotor is the amount of power, the gearbox and 
the generator are affected by the torque and the structural design is determined by the 
thrust. With the use of non-dimensional parameters, one can estimate the performance of 
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the wind turbine in spite of its functioning conditions. The performance of the wind tur-
bine is dependent on the tip speed ratio and pitch adjustment [18]. 
2.3.1 CP-λ Performance Curve 
According to the actuator disc theory the power coefficient is represented as follows: 
𝑐𝑃 = 4𝑎(1 − 𝑎)
2                                               (2.9) 





                   
ⅆ𝐶𝑃
ⅆ𝑎
= 4(1 − 𝑎)(1 − 3𝑎) = 0                                     (2.10) 
In this case the power coefficient takes a maximum value equal to Cpmax = 16/27 ≌ 59% 
which is the maximum value called the Betz limit. It turns out that, the optimal runner 
and under ideal operating conditions can capture only 59% of wind power,as mentioned 
above. This limit is in some ways the maximum efficiency of the system for an ideal 
propeller, proportional to the Carnot efficiency of thermodynamic cycles. In this case of 
optimal operation the wind speed U decreases to 2/3 on the disk and at U / 3 very far 









) ⋅ 𝑈                                                      (2.12) 
 
An empirical relation between CP (rotor power coefficient), tip speed ratio (λr) and blade 
pitch angle (β) is used for developing a look-up table that provides a value of CP for a 
given value of wind speed and tip speed ratio. Blade pitch angle can be defined as the 
angle between the plane of rotation and blade chord line [20]. 
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Figure 2.4: Power coefficient CP as a function of tip speed ratio λr [20]. 
 
For a three-blade turbine, for a tip speed ratio of 7, the curve of CP does not exceed the 
Bentz limit not because of a problem in the design of the wind turbine, but upstream of 
the disc, the flow expands so that, the area where the velocity is equal to the free stream 
velocity, is smaller than the area of the disc [18]. 
Solidity plays a major role in the performance of a wind turbine. More specifically, if the 
values of solidity are high then the maximum CP will also be high but for a shorter range 
of tip speed ratio values and thus, the curve will be steep. On the other hand, if the values 
of solidity are low, the value of will not be significantly influenced for a different tip 
speed ratio and the curve will be flat. Needless to say, that the optimum solidity is found 
on the three-blade wind turbines [18]. 
 
2.3.2 CQ-λ Performance Curve 
The torque coefficient is calculated by dividing the power coefficient with the tip speed 
ratio. The torque coefficient does not provide any information about the performance of 
a wind turbine but its main purpose is to evaluate the required torque for sizing the gear-
box and the generator. The Figure below (Figure 2.5) depicts the relation between torque 
and solidity, meaning that when solidity increases then the torque increases, that is the 
most serious consequence for a multi-blade wind turbine. The peak of torque coefficient 
varies for different values of tip speed ratios [18]. 
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 Figure 2.5: Effect of solidity on torque [18] 
 
2.3.3 CT-λ Performance Curve 
The thrust coefficient is applied to measure the structural forces that are carried out to the 
wind turbine as a result of its operation. Similarly, with the above, as solidity increases 
so does thrust too and is depicted on the next Figure 2.6 [18].  
Figure 2.6: The effect of solidity in thrust [18]. 
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2.4 A brief review of aerodynamic models 
The factors that affect the aerodynamic performance of a wind turbine are the type of 
airfoil, the length of the string and the twisting of the blade. The vast and substantial 
development of wind turbines has a strong reliance in the need for advanced design tools. 
Until today, various theoretical models have been proposed to study the aerodynamic 
behavior of horizontal axis wind turbines (HAWT). The most noteworthy aerodynamic 
models for the analysis and the design of wind turbines are the [18]: 
• Actuator Disc method, 
• Lifting Line, Panel and Vortex method, 
• Blade Element Momentum method and 
• Navier-Stokes Solvers.  
2.4.1 Actuator Disc Method 
The actuator disc model is in fact, the simplest aerodynamic model and was developed in 
1865 by Rankine. That model derives from the actuator disc theory (Rankine-Froude), in 
which the wind turbine rotor is treated as a homogeneous disk that extracts a certain 
amount of energy from the available energy of the wind. The initial purpose of that model 
was to simulate naval propellers. The major weakness of this model is that the geometry 
of the rotor is not linked with its aerodynamic behavior. The optimization of the theory 
came some years later, in 1935, when Glauert, considered the rotor as a rotating energy 
disk consisted of infinite blades [14]. 
 
In more detail, the function of a wind turbine rotor is to extract the kinetic energy of the 
incoming flow field by reducing the speed at which the rotor is launched. Inexorably, a 
thrust with the same direction of the incoming flow field is produced with a magnitude 
that is in reliance with the change in kinetic energy. Furthermore, the flow field is shared 
with a torque which is also conducive to the change in kinetic energy that play a part in 
the rotational and frictional drag of the blades. Thus, the flow field and forces related to 
operating wind turbine rotors are governed by an equilibrium between the thrust and 
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Henceforth, the actuator disc principle is able to present an analysis of the behavior of a 
wind turbine rotor in a convenient way. The main idea of that principle imparted with 
rotor aerodynamic calculations, is the replacement of the real rotor with a porous circular 
disc of similar area that, the forces from the blades were allocated throughout the disc. 
Those allocated forces on the actuator disc, swift not only the local velocities through the 
disc, but also, the entire flow field around the rotor disc. Hence, according to Mikkelsen 
(2004), “the balance between the applied forces and the changed flow field is governed 
by the mass conservation law and the balance of momenta, which for a real rotor is given 
by the axial and tangential momentum equations”. The next Figure 2.7 depicts an actuator 
disc where the growing streamlines are attributable to the reaction from the thrust [21]. 
The theory contemplates the equilibrium of axial-momentum far up-and downstream the 
rotor for a uniformly loaded actuator disc without rotation, where the thrust T and kinetic 
power 𝑃𝑘𝑖𝑛 in terms of the free stream Vo and far wake velocity 𝑢1reduces to: 
 





2)                                      (2.13) 
 
Where:             ?̇? is the mass flow and is given as ?̇? = 𝜌𝑈1𝐴1, 
A1 is the far wake area given by the limiting streamline through the edge 
of the disc and, 
ρ is the density.  
Using mass conservation through the disc gives that 𝑢𝐴 = 𝑢1𝐴1, and the combination of 





(𝑉𝑜 + 𝑢1)𝑇 = 𝑢𝑇 ⇒ 𝑢 =
1
2
 (𝑉𝑜 + 𝑢1),                                       (2.14) 
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Figure 2.7: Flow field around an actuator disc [21]. 
 
presenting that the velocity at the disc u is the arithmetic mean of the freestream 𝑉𝑜 and 
the slipstream velocity 𝑢1. The significance of this result is perceived with the assessment 
of the aerodynamic blade forces. For convenience Eq. (2.11) is frequently presented in a 
non-dimensional form by introducing the axial interference factor α = 1 −
𝑢
𝑉𝑜
 and using 
the free stream dynamic pressure and rotor area. Therefore, the non-dimensional thrust 


















= 4𝑎(1 − 𝛼)2                                                (2.16) 
 
Where:            𝑢1 = 𝑉𝑜(1 − 2𝛼)  




the Eq. (2.14), thus, the highest output is attained for 𝛼 =
1
3




 . The power coefficient 𝐶𝑃𝑘𝑖𝑛 reaches the maximum value of 16/27 or 59.3% or 
also called as the Bentz limit. 
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2.4.2 Lifting Line, Panel and Vortex Methods 
In vortex models, the lifting lines or surfaces, embody the rotor blades, trailing and shed 
vorticity in the wake. The vortex strength on the blades is outlined from the bound circu-
lation that originated from the amount of the local lift created by the flow past the blades. 
Hansen, Sørensen, Voutsinas, Sørensen, & Madsen (2006) note that, the trailing wake is 
created by the spanwise variation of the bound circulation and “the shed wake is gener-
ated by a temporal variation and ensures that the total circulation over each section along 
the blade remains constant in time”. Introducing the Biot–Savart law and since the 









dV                                                                  (2.17) 
 
Where:             𝑤(𝑥) is the induced velocity 
𝑥 is the point where the potential is computed 
𝑥′ is the point of integration where vorticity is nonzero, designated V 
 
Bound circulation Γ and lift coefficient are defined by the following equation which is 
the Kutta–Joukowski theorem: 
 




2 𝑐𝐶𝐿⇒ Γ= 𝜌𝑉𝑟𝑒𝑙𝑐𝐶𝐿                            (2.18) 
 
Regarding the panel methods, the flow is assumed to be inviscid and incompressible by 
utilizing a surface distribution of sources σ and dipoles μ shown in Figure 2.8. Introducing 
the Green's theorem by the following formula [23]: 






)𝑑𝑆′               (2.19) 
 
Where: 
𝑉𝑜 is a given flow field changing in time and space, 
φ is the perturbation scalar potential, 
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S is the active boundary of the flow and consists of the solid boundaries 
SB and the wake surfaces Sw and 
μ,σ are the jumps of φ and its normal derivatives across S. 
 
Figure 2.8: Notations for the potential flow around a blade [23]. 
 
More specifically, the vortex panel method deliberates a real profile that represents the 
real behavior of the flow impaired with a continuous profile, a continuous wake and a 
boundary layer (Figure 2.9, left). Regarding the previous, the wake and the boundary 
layers are considered as limitlessly thin. The wake is then discretized with a lifting line 
method into 3D surfaces that will represent a shear layer in the flow (Figure 2.9, middle). 
Finally, the profile is discretized and replaced by a finite number of flat panels (Figure 
2.9, right) [22]. 
Figure 2.9: Real flow behavior, wake discretization and vortex panel method discretization [22]. 
 
The lifting line theory is related with a lifting body that is characterized by a large aspect 
ratio and thickness where the bound velocity is unknow, while the trailing vorticity is 
known. The next Figure 2.10 depicts the lifting line model below [23]. 
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Figure 2.10: The lifting-line model [23]. 
 
The lifting surface theory which is also shown in Figure 2.11, stands on the assumption 
that the bound vorticity is allocated at the c/4 line and the nonpenetration condition was 
implemented at 3c/4. Both lifting line and lifting surface models provide analogous re-
sults. Some deviations arise while the angle of attack increases. There is an approximation 
in the geometry of the flow in both models and only for a particular distance from the 
boundary could the flow seem rational and thus, no corrections on the viscosity of the 
flow can be implemented [23]. 
Figure 2.11: The lifting surface model [23] 
 
2.4.3 Blade Element Momentum Theory 
In 1926, Glauert proposed the blade element theory, which can directly, accurately and 
with low computational cost predict the efficiency of a wind turbine, when it operates 
under optimal conditions [14]. The Blade Element Momentum Theory or BEM theory, 
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associates two different methods to examine the operation of wind turbines. The first one, 
is about a momentum balance on a rotating annular stream tube that passes through a 
turbine and the second, examines the forces generated by the airfoil lift and drag coeffi-
cients at several parts along the blade. The equations that are generated from both of those 
two methods can be solved iteratively [24]. 
 
More specifically and taking into consideration the next Figure 2.12, lift and drag of the 
blades create an aerodynamic load, which is proportional to the velocity of the wind (Vw), 
the velocity of the blade (U), the surface finish, the yaw and the angle of attack (α). Also, 
the angle of attack is determined by the blade twist and pitch. Thrust (T) and reaction 
forces (R) are generated from the lift and drag forces produced on the blade, where the 
force is a useful product, due to the fact that the direction of rotation is absorbed by the 
generator. The reaction forces generated, are act significantly in the flatwise curving plane 
and must be tolerated by the blade with finite deformation [12]. 
Figure 2.12: Aerodynamic forces generated at a blade element [12]. 
 
To calculate the aerodynamic forces generated above, the BEM theory must be utilized. 
The sum of the aerodynamic forces can be calculated, by considering small elements (δr) 
along the blade, in order to give the overall reaction of the blade and the load of the thrust 
that is generated. 
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Suffice it to say, the Blade Element Momentum Theory is based on two assumptions, the 
first one states that between different blade elements, there are no aerodynamic interac-
tions and the second one states that only the lift and drag coefficients define the forces on 
the blade elements [24]. 
 
Therefore, the Blade Element Momentum Theory is practically using an algorithm to cal-
culate the forces on the blade [22]: 
 
1. Initialization of 𝛼 and 𝛼′, where usually is 𝛼 = 𝛼′ = 0 
2. The equation of the flow angle 𝜑, which is the angle between the plane rotation 





                                                 (2.20) 
3. The local angle of attack 𝛼 is calculated: 𝛼 = 𝜑 − 𝜃 
4. Using the polar tables define the lift and drag coefficients for a specific angle of 
attack. 
5. Calculate 𝐶𝑁 and 𝐶𝑇 where: 
 
𝐶𝑁 = 𝐶𝐿 cos(𝜑) + 𝐶𝐷 sin(𝜑) ,     𝐶𝛵 = 𝐶𝐿 sin(𝜑) + 𝐶𝐷 cos(𝜑)        (2.21) 















                  (2.22) 
7. If 𝛼 and 𝛼′ have changed for more than a certain tolerance, then go to step (2) or 
else finish. 
8. Compute the local forces on the segment of the blades. 
 
In order to take into account more effects, the algorithm can be corrected using either the 
Prandtl’s tip loss factor, which corrects the assumption of infinite number of blades or the 
Glauert correction that is an empirical relation between the axial interference factor 𝛼 for 
𝛼 > 0.4 and the thrust coefficient 𝐶𝛵 that make the BEM theory no longer valid. Accord-
ingly, several models can be also added in order to correct the tip vortices, the rotational 
flow, the turbulent flow and the dynamic flow [22].  
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Concluding, the BEM method can be characterized as relatively and precise, is easy to 
calculate and does not require a lot of storage for the data that is needed. Although, there 
are some cases that the assumptions of the method are invalid and there is an incapability 
to estimate with accuracy the unsteady loads [22]. 
 
2.4.4 Boundary Layer Theory 
Boundary layers and free shear layers appear on the surface of a blade located in a flow 
field. The boundary layer has zero thickness at the edge of the surface and increases in 
thickness as it rises until the escape edge. The following Figure 2.13 shows the flow of a 
fluid over a solid flat surface: 
Figure 2.13: Boundary layer on a solid flat surface [25]. 
 
In the case of a real fluid, its velocity just above the surface is zero. In the case of an ideal 
fluid, on the other hand, its velocity can "slip" on this surface. The shear stresses due to 
the viscosity of the fluid up to a layer of thickness δ from the surface, are not negligible. 
At an infinite distance from the solid surface, the velocity of the fluid becomes U∞ (ve-
locity of undisturbed fluid). A velocity profile is then created, in the y direction of the 
surface called the boundary layer. Beyond this boundary layer, the shear stresses of the 
fluid are considered negligible. The thickness of the boundary layer δ is defined as the 
distance 𝑦𝛿  for which [27]: 
 
𝑉𝑥(𝑦𝛿) = 0.99𝑉∞                                             (2.23) 
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Despite the relatively small thickness of this boundary layer, significant problems are 
created, such as the alteration of the fluid flow and its differentiation from that of the 
ideal. Due to the shear stresses of the boundary layer, a friction force is exerted by the 
fluid on the surface, which tends to move it in the direction of flow. A significant phe-
nomenon related to the boundary layer is that of separation. During the separation phe-
nomenon, the boundary layer no longer has a position of zero above the surface and even-
tually, “detaches” from it. This phenomenon occurs in every flow around solids. The fol-
lowing Figure 2.14 shows the flow field around a cylindrical surface and the appearance 
of the phenomenon of separation of the boundary layer [27]. 
Figure 2.14: Flow field around a cylindrical surface and separation point of the boundary layer [26]. 
 
In an ideal fluid, the flow would be perfectly symmetrical and would slide without any 
friction around the cylindrical surface, meaning that the total force on it, would equal to 
zero. In the case of a real fluid, the pressure exerted on the surface of the cylinder is in 
the same direction as the flow and pushes it backwards. This is why this developing force 
is called the drag force. To reduce the drag force, it is necessary to reduce the size of the 
wake. This can be done, when the cylinder is given a more aerodynamic shape, similar to 
the shape of an airfoil, as shown in the following Figure 2.15 [27].  
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Figure 2.15: The shape of the airfoil reduces the size of the wake2. 
 
Under certain conditions, that depend mainly on the angle of attack, the geometrical char-
acteristics of the airfoil and the degree of wind turbulence in front of the airfoil, the bound-
ary layer can be separated. Separation occurs because, in the direction of flow there is an 
increase in static pressure resulting in a reduction in the kinetic energy of the fluid and its 
gradual deceleration. Fluid velocity is related to static pressure according to Bernoulli's 
law. The next Figure 2.16 depicts the pressure distribution in an airfoil [28]: 
Figure 2.16: Pressure profile around an airfoil [28]. 
 
Another parameter that characterizes a blade within a fluid flow field, such as wind, is 
the stagnation point. Generally, the stagnation point of a fluid field is called the point at 
which the velocity of the fluid is zero. Stagnation points exist on the surfaces of objects 
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remain stagnant due to the object. The following Figure 2.17 shows the stagnation point 
of an airfoil [27]. 
Figure 2.17: Stagnation point of an airfoil in a flow field [27]. 
 
 
Regarding the flow, Reynolds number (Re) correlates well with the flow characteristics 





                                                                 (2.23) 
 
Where, c is the chord length. 
 
When Re <105 the boundary layer is laminar (fluid motion is characterized by smooth 
layers of fluid) and does not transition to turbulent (highly disordered fluid motion char-
acterized by fluctuations of velocity). For Re> 5*105 the boundary layer is almost every-
where turbulent, while, for 105 <Re < 5*105 the laminar and turbulent part as well as the 
transitional region (the flow alternates between laminar and turbulent) have a significant 
effect on the forces exerted. Lift and drag are significantly affected by the characteristics 
of the boundary layer. Schmitz in 1930 observed that when the turbulent boundary layer 
is dominating, then the ratio of lift to drag is significantly higher than for laminar. 
Schmitz's conclusions were later confirmed by Abbott, Riegels, Althaus and McMaster 
[28]. 
More specifically, turbulent flow is characterized by disordered fluctuations of swirling 
regions of fluid, called eddies, throughout the flow which provide an additional 
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mechanism for momentum and energy transfer, apart from molecular diffusion.  By that, 
turbulent flow with large Reynolds number means that the inertial forces are large rela-
tively to the viscous forces and the latter, cannot prevent the random fluctuations of the 
fluid. On the other hand, on laminar flow, where the Reynolds number is small, it means 
that the viscous forces are large and they can suppress the random fluctuations so as to 
keep the fluid in line.  
 
Generally, the transition from laminar to turbulent flow depends on the geometry, the 
roughness, the velocity, the temperature and the type of the fluid. There is a point where 
the Reynolds number becomes critical 𝑅𝑒𝑐𝑟𝑖𝑡 and it corresponds to the value of the Reyn-
olds number at which the flow becomes turbulent and is associated with the boundary 
layer thickness and the shear stress. This Reynolds critical value, defers for different ge-
ometries and flow conditions. This transitional point appears, when the disturbances in 
the boundary layer rise and lead to a turbulent state of flow. This disturbance increase, is 
related with the roughness of the surface, the vibrations of the surface and the turbulence 
of the free stream.  
 
As mentioned above the separation point is related with the transition point of the flow 
and the latter prolongs acceleration of the fluid on a surface like the suction side of an 
airfoil. By delaying the separation point and thus, the transition point, leads to a signifi-
cant reduction of the vortices that develop in the wake region and also reduces the drag. 
In that notion, it is favorable to develop turbulent flow on the suction side of an airfoil 
since it increases lift because the laminar boundary layer cannot deliver high pressure 
values while on the other side, turbulence increases skin friction [18]. 
 
2.4.5 Effects of Rotation on Flow 
The term "wake" is used to describe the current of air that is passing through the wind 
turbine and expands to infinity. It is based on the assumption that the flow field's currents 
(flow field behind the disk) are twisted, which is true when the wind turbine has two 
oppositely rotating rotors. In practice, however, the wind turbine has one rotor and the 
wake, even in the most ideal cases of operation of the wind turbine, has a twist created by 
the interaction of the air current and the rotor [19]. 
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According to Kleusberg (2019), “the wake of a wind turbine is characterized by a velocity 
deficit resulting from the energy extraction by the rotor blades and the release of vorticity 
mainly at the tip and root of each blade”. The next Figure 2.18 depicts a wind turbine and 
the stream tube where the light gray areas show the expanding radius of the streamlines 
at the wake border, the dark gray area, represents the velocity deficit in the far wake and 
the red line, symbolizes a helical tip vortex detaching from a rotor blade [29]. 
Figure 2.18: Schematic view of a wind turbine with angular velocity Ω and the stream tube encompassing 
the rotor [29]. 
 
There is a separation of approaching streamlines as the flow tries to avoid the obstacle 
which is caused by the blockage of the rotor. Because of the extraction of energy from 
the rotor, there is a decrease in pressure across the rotor plane, but, behind the rotor, there 
is a gradual increase back to the atmospheric pressure. The torque, that is created by the 
rotation of the blades, initiate a wake rotation in the opposite direction of the of rotation 
the blade. The pressure difference, between the upper and the lower side of the blade, 
cause tip and root vortices. The outcome of this effect, is that the streamlines on the upper 
side bend towards the center of the blade and the streamlines on the lower side bend 
towards the blade ends, so that a roll-up process is produced. Additionally, an alteration 
of the bound blade circulation lead in the release of vorticity along the blade and into the 
wake. Even for ideal constant-circulation rotor cases, zero vorticity is spread along the 
blade, where robust tip and root vortices are generated at the blade ends, due to the pre-
cipitous circulation change. Usually, turbines with optimum operating point will reveal a 
constant circulation along the blades. Generally, the rotational direction of the wake, that 
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is the inflow for a downstream turbine, influences the performance and thus, the aerody-
namics at the rotor blades of a downstream wind turbine [29]. 
 
Regarding the above, the usage of two dimensional steady-state airfoil data do not result 
in satisfactory predictions of wind turbine loads at high wind speeds. Therefore, in order 
to make correct simulations, regarding the loading and the performance of a wind turbine 
operating in stall, the three-dimensional effects have to be included additionally in the 
aerodynamic calculations [30]. 
 
More specifically, the kinetic energy of the fluid after the rotor, consists of the kinetic 
energy due to the axial speed of the wind and the regional kinetic energy (due to fluid 
twist). Peripheral kinetic energy generally, cannot be recovered to infinity away from the 
rotor and become static (beneficial) pressure and therefore, constitutes energy loss of the 
system. This energy loss, reduces the overall efficiency of the wind turbine. Note that, the 
fluid upstream of the disk lacks twisting (turbine), so its kinetic energy is due to its axial 
transport motion. 
 
Therefore, the torque conservation theorem is applied to a balance sheet volume: 
 
𝑉𝜃𝑟 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                (2.24) 
 
Consequently, the peripheral velocity of the fluid on the upstream surface of the disk is 
zero, and is 𝑉𝜃 on its downstream surface and remains the same 𝑉𝜃 far downstream to 
infinity and of course, at the same radial distance from the axis. So, the circumferential 
velocity of the fluid on the disk, is equal to half the sum of its circumferential velocity on 
both sides of the disk (upstream and downstream), i.e., half the peripheral velocity of the 
fluid downstream to infinity (at the same radial distance). 
𝑉𝜃𝑆 =  
1
2
𝑉𝜃∞                                                       (2.25) 





                                                            (2.26) 
 
Where Ω is the angular speed of the rotor. 
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Based on the above, two relations emerge: 
 
𝑉𝜃𝑆 = 𝑎
′𝛺𝑟  ,                                                   (2.27) 
and    
  𝑉𝜃∞ = 2𝑎
′𝛺𝑟                                                  (2.28) 
 
2.4.6 Navier-Stokes Solvers and Wind Turbines 
The methodologies mentioned above, are practically incoherent approaches of the flow 
field, while the effect of coherence mechanisms is presented in an approximate way (e.g., 
boundary layer theory). In specific cases such as the flow separation, cohesive mecha-
nisms appear to be extremely significant. In order to calculate cohesive fluid flows, grid 
methods are utilized, where the Navier-Stokes equations are solved. Some of the major 
difficulties in the use of grid methods that solve non-permanent flows are: 
• The high computational cost due to the complex geometry and thus, the large di-
mensions of the grids. 
• The management of grids in geometric arrangements that are composed of many 
bodies that move independently of each other. 
• The numerical diffusion that occurs in the runoff area due to the large gradients 
in the gear field. 
 
On the other hand, the aforementioned methods are characterized by their relatively low 
computational costs, even when dealing with the coherent nature of flows. On the con-
trary, overlooking the importance of computational time and computational resources, 
solving with the Navier-Stokes (N-S) system of equations, in a predetermined volume of 
fluid surrounding the body, is the most reliable option. In order, though, to constitute a 
complete methodology or technique of computational fluid dynamics (CFD), there should 
be a discretization of the equations and the volume in which the N-S equations are solved 
and must be combined with a suitable turbulence model [31]. 
 
Historically, the aerodynamic analysis of blades and rotors with CFD techniques started 
around the early ‘80s that tried to solve a coherent flow field. Later, Euler algorithms 
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were developed, that solve a time-varying flow field. The rapid growth and the charac-
teristics and the performance of computing systems along with the evolution of compu-
tational fluidity software led to the ability to solve Reynolds Averaged Navier-Stokes 
(RANS) equations in large and at the same time variable over time flow fields [31]. 
 
Consequently, there has been a significant increase in the research on the aerodynamic 
analysis of rotating horizontal axis wind turbines using CFD solvers during the last dec-
ade. Experimental research programs such as, the Renewable Energy Laboratory (NREL, 
National Renewable Energy Laboratory) of the US Department of Energy, the European 
programs Viscous Effects on Wind turbine Blades (VISCWIND), Viscous and Aeroelas-
tic effects on Wind Turbine Blades (VISCEL) and KNOW-BLADE, have contributed 
over the past years, to the development and increased usage of CFD software for the 
analysis and design of small and large wind turbines. Results of CFD simulations provide 
approach with maximizing accuracy experimental measurements, mainly up to wind 
speeds of 10 m/s. Although, for higher speeds, where the flow separation from the rotor 
blades is intense, RANS simulations tend to underestimate the power output from the 
wind turbine rotor. To overcome that weakness of RANS simulations, the use of hybrid 
Large Eddie Simulation (LES) techniques is applied, such as Detached Eddie Simulation 
(DES) schemes, which are characterized by high computational costs. The results of the 
past simulations, show good agreement in small angles of attack, while in large angles of 
attack, where the phenomenon of flow separation dominates, deviations are observed. 
Generally, the use of the Shear Stress Transport (k-ω SST) turbulence model, coupled 
with the laminar/turbulent flow transition model, adequately ensures computational reli-
ability in the aerodynamic analysis of wind turbine rotors [31]. In general, the numerical 
solution of N-S equations in aerodynamic analysis and wind turbine design has now pre-
vailed.  
 
The solution of the Navier-Stokes equations is done by their discretization and the nu-
merical approach of their solution. Differential equations are transformed into a system 
of algebraic equations from discretization. The solution of this algebraic system is done 
with direct or approximate algorithms. The solution is performed at the nodes of a grid 
that defines the range or control volume of the flow field. Computer grids, which can be 
two-dimensional or three-dimensional, consist of elements or cells and are divided into 
structured, unstructured grids and hybrid grids [31]. 
 
  -43- 
The above process, is applied in time and space and the accuracy of the results, as well as 
in the experimental measurements, vary because the depend to a on the density of the 
discretization grid and on the properties of the algorithm or the numerical discretization 
scheme. The most well-known discretization methods for solving N-S equations are finite 
differences, finite elements and finite volumes. 
The Ansys-Fluent solver which was used in the present work, is based on the Finite Con-
trol Volume Method, to solve the transfer equation. In this method the discrete equation 


















3 Two-Dimensional Design 
This chapter represents in detail the steps that are required to complete the design of the 
blade of the HAWT in the QBlade software, which eventually, will make its geometry 
suitable for aerodynamic analysis in ANSYS WORKBENCH R20 software.   
 
3.1 Problem Definition 
The first step of this dissertation is associated with the design of the blades of a horizontal 
axis wind turbine by selecting the appropriate parameters for the study of aerodynamic 
phenomena.  
Initially, the work deals with aerodynamic design through the QBlade software which is 
based (as it is widely known) on the use of the XFOIL analysis combined with the Blade 
Element Method. The use of the above is necessary for the so-called three-dimensional 
design of the blades and the prediction of the functional characteristics of the wind tur-
bine. Therefore, the user has the ability to enter data that he selects and to experiment in 
order to conclude at the final blade that meets the conditions and the selection criteria that 
have been set. 
QBlade is an open-source code for calculating the aerodynamic characteristics for wind 
turbines distributed by the GPL (General Public License). The software is integrated into 
XFOIL, a tool for airfoil design and analysis. The purpose of this calculation is the design 
and aerodynamic design of the blades of a wind turbine. XFOIL integration allows the 
user to: a) design custom airfoils and calculate their performance curves, b) extend the 
performance data to a 360° range, c) give the angle of attack and d) finally make an inte-
gration of all this data into a wind turbine twist simulation. This program is particularly 
easy to use in the design of a horizontal-axis wind turbine and lists all the fundamental 
relationships between blade twist, blade chord, airfoil layout performance, turbine con-
trol, torque and force in an easy and intuitive way. QBlade gives the opportunity of pro-
cessing the simulations from which deep knowledge of all the variables related to the 
airfoil and the turbine emerges [35]. 
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XFOIL is an interactive program for the design and analysis of soundproof airfoils. Tak-
ing into account the coordinates of a two-dimensional airfoil but also knowing the dimen-
sionless numbers, Reynolds and Mach, XFOIL is able to calculate the pressure distribu-
tion on the spoiler and therefore the lift and drag force characteristics. In addition, it is 
important to note that XFOIL is a collection of subroutines written in FORTRAN (the 
source code is located in the distribution folder and can be freely modified by the user). 
In conclusion, XFOIL enables flows to be analyzed (with or without friction) around 
given airfoils, to design new airfoils or to modify existing ones (by changing their geom-
etry, combining different airfoils, determining the velocity distribution around the air-
foils) and print the results of the analysis (graphically or numerically) in a file [35]. 
In order to proceed to the design of the blade of the HAWT it is mandatory to do the basic 
mathematic calculations for the case of study. More specifically, the case is about a 3-
blade HAWT that is capable of achieving: 
• Power Output P>10 kW 
• Coefficient of performance Cp>0.4 
Regarding Greece, the next Figure 3.1 depicts the wind energy potential of Greece. For 
small wind turbines the ideal installation is at the Northern mountainous inhabited regions 
and islands, where the wind velocity is high throughout the season and is around 10 m/s. 




Therefore, for this case, the wind turbine is designed for a nominal wind speed of 10 m/s 
at a tip speed ratio of 7. The wind turbine blade is based on NACA 4-digit series airfoils 
and in this case, it is the NACA4412 which is one of the most common airfoils in the 
industry. The designed is performed with the usage of QBlade software. 
 
3.2 Blade Design in QBlade 
3.2.1 Basic Calculations 
Regarding the mathematic calculation with the given facts, in order to calculate the Reyn-
olds number, first, the swept area, the radius of the blade and thus, the radius of the hub 




Given the facts mentioned above, the HAWT will have power output of 10kW and a 
power coefficient of 0.4. With those given, the swept area can be calculated easily: 
 






                                    (3.1) 
 
Where P is the expected power output, 𝜌 = 1.2 kg/m3, 𝑉 = 10 𝑚/𝑠, 𝜂𝑚𝑒𝑐ℎ,𝑒𝑙𝑒𝑐 = 0.9 
which is the efficiency degree of electrical and mechanical energy. 





Now that the swept area is calculated and given the fact that the 𝑟ℎ𝑢𝑏 should be the 3% of 
the 𝑟𝑚𝑎𝑥 and  
𝐴ℎ𝑢𝑏 = 𝜋𝑟ℎ𝑢𝑏
2   , 𝐴𝑠𝑤𝑒𝑝𝑡 + 𝐴ℎ𝑢𝑏 =  𝐴𝑡𝑜𝑡𝑎𝑙 = 𝜋𝑟𝑚𝑎𝑥
2                               (3.2) 
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so that 𝑟ℎ𝑢𝑏 = 0.115 𝑚, 𝑟𝑚𝑎𝑥 = 3.84 𝑚, 𝐴ℎ𝑢𝑏 = 0.0417 𝑚  and 𝐴𝑡𝑜𝑡𝑎𝑙 = 46.34 𝑚. 
 
So, 
𝑟𝑏𝑙𝑎ⅆ𝑒 = 𝑟𝑚𝑎𝑥 − 𝑟ℎ𝑢𝑏                                                       (3.3) 
 Then,  𝑟𝑏𝑙𝑎ⅆ𝑒 = 3.725 𝑚 
 





                                                                      (3.4) 
 
Where, 𝜆 = 7 𝑚, then, 𝑤 = 18.23 𝑟𝑎𝑑/𝑠 and 𝑟𝑚𝑎𝑥 = 𝑟𝑡𝑖𝑝. 
So,  
𝑉𝑏𝑙𝑎ⅆ𝑒 𝑡𝑖𝑝 = 𝑤 ∗ 𝑟𝑚𝑎𝑥 = 𝜆 ∗ 𝑉                                       (3.5) 
 
𝑉𝑏𝑙𝑎ⅆ𝑒 𝑡𝑖𝑝 = 70 𝑚/𝑠 . 
 
3.2.2 Reynolds Number 
In addition to the basic parameter of wind speed, it is necessary to take into account fac-
tors such as atmospheric pressure, air density and local dimensions of the rotor. One factor 
that correlates all these quantities and is necessary to describe flow conditions is the di-






                                                              (3.6) 
 
For the wind turbine where V is 𝑉𝑏𝑙𝑎ⅆ𝑒 𝑡𝑖𝑝 because the wind speed is very small is ne-







                                                                  (3.7) 
 
Where 𝜇 = 1.81 ∗ 10−5 𝑘𝑔/𝑚𝑠  
 
so, 𝑣 = 1.51
𝑚2
𝑠
 at 20oC. 
So, Reynolds Number is 463.576, approximately 470.000. 
 
3.2.3 Airfoil Design 
To start the design of the blade is mandatory to start first with the airfoil design. The 
design will be based on the NACA airfoils because, as it is already been mentioned, they 
are very convenient for usage due to their aerodynamic design and the fact they are al-
ready commonly used in the industry. For this case the airfoil design will be based upon 
the NACA4412 which is a good choice for aerodynamic applications at low wind speeds 
as it has a high lift to drag force ratio for low Reynolds prices. The next Figure (Figure 
3.3) depicts the NACA4412 airfoil that is generated and a circular airfoil in the QBlade 
software.  
Consequently, it is important to note that the Q-Blade software uses certain assumptions 
to study the airfoils and consequently the fin. More specifically, the assumptions made 
are as follows [35]: 
• The flow passing through the active disk can be separated from the rest of the flow 
by a well-defined flow conductor. 
• Fully uniaxial flow. 
• Homogeneous, uncompressed, steady flow. 
• No friction. 
• Infinite number of blades, i.e., the speed is continuous on the disk and the thrust 
is homogeneous on the surface of the disk. 
• The vortices that result in the flow from the passage of the active disk are negli-
gible, i.e., deadlines without vortices. 
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• The static pressure far enough before and after the active disk is equal to the 
undisturbed static pressure of the environment. 
Using a model, one can conclude that the maximum power output is 16/27. This is also 
known as the Betz limit, as mentioned in previous chapters. 
The first airfoil is circular with a chord length of 200 mm and a drag coefficient, CD=1.2 
and the airfoil listed immediately after is the NACA4412 that is chosen for the purposes 
of the current project. The next Figure 3.2, shows the points of the airfoils as well as some 
characteristics, such as the length of the string, as well as, the rotation of the blade.  In 
order to calculate the aerodynamic coefficients of lift and drag CL and CD, the blade must 
be divided into sections (usually 10-20), which for this case the fin was divided into 17 
sections. 
Figure 3.2: Presentation of measuring points, string thickness, torsion and type of airfoil. 
 
At this point it is important to emphasize that at the airfoils we are looking for the highest 
possible CL rate and the lowest possible CD. 
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Below is the NACA4412 airfoil used in the program along with some aerodynamic, en-
ergy and geometric features. The images have been exported from the Q-Blade. 
Figure 3.3: Circular airfoil and NACA4412. 
 
 
Figure 3.4: NACA4412 airfoil. 
 
Following, the results of the NACA4412 airfoil XFOIL analysis are presented with a 
Reynolds number of 463.576 where, the most important feature of this analysis is the 
CL/CD diagram, where the max ratio has an angle of attack at 6.5
o which is the targeted 
incidence angle and is shown in the Figure 3.5. 
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Figure 3.5: CL/CD ratio of the NACA 4412. 
 
The QBlade software can solve the problem numerically by using the polar “Extrapola-
tion to 360” feature, for the purpose of three-dimensional analysis of the blade and the 
circular airfoil. The results are depicted in the Figure 3.6 below: 
 
Figure 3.6: Extrapolation of the NACA4412 airfoil. 
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3.2.4 Blade Design 
From the mathematical calculations it is found that the length of the blade is 𝑟𝑚𝑎𝑥 =
3.84 𝑚 and the radius of the hub is 𝑟ℎ𝑢𝑏 = 0.115 𝑚. 
The values were added to the “HAWT Rotorblade Design Feature” of the QBlade soft-
ware and the design of the blade is shown in the next Figure 3.7.  
Figure 3.7: Blade design of the NACA4412 airfoil. 
 
In order to apply the Blade Element Momentum theory and find the optimal blade geom-
etry, the distribution of the angle of twist must be defined. The angle of twist will be 
identical to the angle of inclination, as in this case the angle of inclination of the tip is set 
to zero.  
Having defined all the parts of the blade, their radial position, their string length and the 
Reynolds number, we can enter them in the QBlade software to display the blade. Leaving 
the distribution of the angle of twist uncertain, we are able to retrieve its optimal value 
from the "optimize" command for a specific tip ratio which is shown in Figure 3.8. It is 
 
  -53- 
also possible to optimize the string length distribution according to Betz and Schmitz, 
which express the optimal distribution for an ideal rotor. 
Figure 3.8: Geometry optimization in the design part of the rotor 
 
The definition of the angle of twist is selected for maximum L / D ratio and no optimiza-
tion for the string length distribution, giving us the following geometry shown in Figure 
3.9.  
Figure 3.9: The final geometry of the rotor with optimal angle of twist. 
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Finally, the last step is the Rotor BEM simulation feature of the QBlade software is to 
find the power coefficient Cp of the NACA4412 airfoil which is shown in the next Figure 
3.10 and is 0.42: 
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4 Rotor Design in AutoCAD In-
ventor 
This chapter presents in detail the design of all parts of the rotor in AutoCAD Inventor, 
as well as the individual treatments, which make its geometry suitable for aerodynamic 
analysis in the ANSYS CFD software. The individual geometries of the design consist of 
the blade, the central node and the generator shaft. 
Once the design of the blade and the central node is completed, the generator shaft will 
be designed as a circular symmetric geometry. This is so that the rotor can be analyzed as 
part of 120° degrees in ANSYS, without the need to create a grid throughout the geome-
try. After assembling the final construction, the fuselage is redesigned as a commercially 
common geometry. 
 
4.1 Blade Design 
The blade was designed based on the resulting QBlade geometry by exporting the three-
dimensional coordinates of each of its parts to a “.stp” File. The parts exported as a coor-
dinate file refer only to the active part of the blade, without its base, which can be easily 
drawn at the end of the process. In more detail and also, as shown in Figure 4.1 and 4.2, 
the exported points of the blade design that was made in the QBlade were added in the 
Inventor. 
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Figure 4.1: The design of the blade exported from QBlade. 
 
In case that the final design is intended for aerodynamic analysis in CFD software, it will 
be useful to reduce the sharpness of the blade escape edge, for an easier and better grid 
geometry in ANSYS. Also, in this way the two sides of the blade will be possible to mesh 
separately and without difficulty. To achieve this, the extracted coordinate files for each 
airfoil were properly processed, removing the corresponding small portion that encloses 
the geometry at the escape edge. As a result, the winding curves loaded in Inventor were 
initially open at the escape edge, and both sides were joined manually with a vertical 
edge, also shown in Figure 4.2 and 4.3. 
Figure 4.2: Connection of the points and connection of the airfoils. 
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Figure 4.3: Closing the open geometry at the escape edge. 
 
Now that all the points were connected to each other, the software has a specific feature 
called “Loft” where it can create a transitional shape between two or more sketches so 
that eventually create a 3D geometry which is this case is the blade of the HAWT, as 
shown in the next Figure 4.4. The “Loft” command was executed with a reference edge, 
the edge defined by the set of points separating the attack edges. 
Figure 4.4: The design of the blade. 
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As a next step, the last design level was defined for the base of the blade (Figure 4.5), 
where again with the “Loft” command the first airfoil was joined to the cylindrical base, 
which was given the corresponding dimensions as defined in QBlade. 
Figure 4.5: The design of the base of the blade. 
 
Thus, the design of the blade was completed with the corresponding treatment of the es-
cape / attack edges, which make it suitable for rotor analysis in ANSYS. 
 
4.2 Design of the Rotor 
The central node of the rotor is the part that connects the rotor to the axis and the shaft of 
the generator. For three-blade wind turbines, it usually consists of a spherical type geom-
etry with a curved conical on the windward side. The tools that were used in the AutoCAD 
Inventor software were the “Extrude”, “Fillet” and “Chamfer” tools. The first one is used 
to create a solid body by adding depth to a two-dimensional geometry, where more spe-
cifically, solids or surfaces are created by closed profiles and surfaces only, are created 
by open profiles. The later tool, adds fillets or rounds to one or more edges or faces. The 
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last one, is used to apply a bevel to one or more component edges. All of these tools, 
fundamentally helped to create a more aerodynamic geometry of the rotor similar to the 
original. The procedure followed in the design process originally started from a two-di-
mensional circular geometry that with the “extrude” tool was converted into a solid body 
which was ta main body of the rotor but originally, in a cylindrical shape like shown in 
Figure 4.6. 
Figure 4.6: The initial geometry of the rotor. 
 
The next step was to create a spherical face in the front of the rotor in the virtue of de-
signing a more aerodynamic shape. The appropriate tool in the Inventor software was the 
“Fillet” tool which is depicted in Figure 4.7. 
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Figure 4.7: Design of the frontal face of the rotor. 
 
Lastly, the “Chamfer” command, was used to create a conical shape of the body of the 
rotor on the windward side shown in the next Figure 4. 8. 
Figure 4.8: The design of the windward side of the rotor. 
 
  -61- 
The procedure explained above lead to the final design of the rotor and the blade of the 
wind turbine like shown in the following Figure 4.9. 
Figure 4.9: The final design of the rotor. 
 
Finally, a solid geometry was defined with respect to the center of the rotor, with an angle 
of 120° and with the help "Extrude" tool. This 120° sector is made in order to remove the 
remaining 240° of the rotor, leaving one-third of the geometry for aerodynamic analysis 
in the ANSYS software. In the latter section, the rotor flow volume was designed to target 
the flow field in ANSYS. The design of the 120° sector, along with the rotor and the blade 
are depicted in the next Figures 4.10, 4.11, 4.12 and 4.13. 
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Figure 4.10: Geometry field design to flow field grid. 
 
Figure 4.11: Geometry field design to flow field grid with another perspective. 
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Figure 4.12: Geometry field design to flow field grid with another perspective. 
 




5 Flow Simulation in ANSYS 
CFX 
This chapter presents in detail the generation of the grid in the flow field, the definition 
of the boundary conditions and the parameters of the solution. Finally, the effect of torque 
and the distributions of pressure and velocity in three sections along the blade will also 
be examined. 
 
5.1 The software CFX 
ANSYS CFX is an all-purpose Computational Fluid Dynamics (CFD) software that inte-
grates a highly-developed solver with robust preprocessing and postprocessing capabili-
ties. It is comprised of the following features [32]: 
• A highly-developed coupled solver that is both secure and robust. 
• Full integration of problem definition, analysis, and results presentation. 
• An innate and interactive setup process. 
ANSYS CFX is susceptible of modeling [32]: 
• Steady-state and transient flows 
• Laminar and turbulent flows 
• Subsonic, transonic and supersonic flows 
• Heat transfer and thermal radiation 
• Buoyancy 
• Non-Newtonian flows 
• Transport of non-reacting scalar components 
• Multiphase flows 
• Combustion 
• Flows in multiple frames of reference 
• Particle tracking. 
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Regarding the structure of ANSYS CFX, it is consisted of four different software modules 
that can take a geometry and a mesh and are capable to transfer the information that is 
required to create a CFD analysis, also shown in the next Figure 3.1 [32]: 
Figure 5.1: CFX modules [32] 
 
The ANSYS CFX-Pre is a pre-processor that is used in order to define simulations. The 
software allows the user to import multiple meshes and analyzes which consist of flow 
physics, boundary conditions, initial values, and solver parameters by running complex 
simulations from one or more configurations. 
The ANSYS CFX-Solver, basically solves all the variables for the simulation that were 
generated in the ANSYS CFX-Pre. 
The CFX-Solver Manager module yields vast control to the management of the CFD task. 
Its primary functions are: 
• Indicate the input files to the CFX-Solver. 
• Start/stop the CFX-Solver. 
• Track the progress of the solution. 
• Set up the CFX-Solver for a parallel calculation. 
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The CFD-Post offers a modern and interactive postprocessing, including graphics tools 
in order to analyze and present the results of the ANSYS CFX simulation. 
Important features include: 
• Quantitative post-processing 
• Report generation  
• Command line, session file, or state file input  
• User-defined variables 
• Generation of a variety of graphical objects where visibility, transparency, color, 
and line/face rendering can be controlled  
• Power Syntax to allow fully programmable session files. 
 
5.2 Turbulence Models 
Turbulence is comprised with fluctuations in the flow field in time and space. It is a com-
plex, three-dimensional and unsteady process that includes many scales and thus, it can 
have a substantial effect on the characteristics of the flow. Turbulence occurs when the 
inertia forces in the fluid become significant in comparison with the viscous forces, and 
is indicated by a high Reynolds Number. Theoretically, the Navier-Stokes equations de-
scribe both laminar and turbulent flows without the requirement for auxiliary information. 
Despite this, turbulent flows at realistic Reynolds numbers size a large range of turbulent 
length and time scales. For the two-dimensional CFD calculations are used, various tur-
bulence models such as the Shear Stress Transport (SST) and the Omega-Based Reynolds 
Stress Model (RSM) [33]. 
The turbulence models that are very commonly used are the two-equation models, be-
cause they provide a good compromise between numerical effort and computational ac-
curacy and they are much more sophisticated compared to the zero equation models. More 
specifically, the term two-equation is because velocity and length scale are solved using 
separately. The k-ε and k-ω models use the gradient diffusion hypothesis to relate the 
Reynolds stresses to the turbulent viscosity and the mean velocity gradients. The turbulent 
viscosity is modeled as the outcome of a turbulent velocity and turbulent length scale. 
The turbulence velocity scale is computed from the turbulent kinetic energy, which comes 
from the solution of its transport equation. Two properties of the turbulence field, 
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typically the turbulent kinetic energy and its dissipation rate, assess the turbulent length 
scale. The dissipation rate of the turbulent kinetic energy is provided from the solution of 
its transport equation [33]. 
The difference between those two models is that, although the k-ω model is significantly 
more accurate than the k-ε in the near wall layers and due to that, it is more effective for 
flows with moderate adverse pressure gradients, it also fails for flows with pressure in-
duced separation. Accordingly, k-ε model is not capable of capturing the proper behavior 
of turbulent boundary layers up to separation and therefore, is doubtfully extensible to 
three-dimensional Navier-Stokes codes because of its algebraic formulation [34]. 



































Where the blending function 𝐹1 is [34]: 
 











}                             (3.2) 
 







, 10−10) and y is the distance to the nearest wall. 
𝐹1 is equal to zero away from the surface (k-ε model), and switches over to one inside the 
boundary layer (k-ω model). 





                                            (3.3) 
 
Where S is the invariant measure of the strain rate and 𝐹2 is a second blending function 
defined by [34]: 








]                                 (3.4) 
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A production limiter is used in the SST model to prevent the build-up of turbulence in 










) →  ?̃?𝑘 = 𝑚𝑖𝑛(𝑃𝑘, 10 ∙ 𝛽
∗𝜌𝑘𝜔)        (3.5) 
 
The Reynolds Stress model (RSM) in ANSYS CFX is based on the ε-equation. The AN-
SYS CFX-Solver solves the subsequent equations for the transport of the Reynolds 
stresses [33]: 
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𝛿𝑖𝑗𝜌     (3.7) 
 
Where 𝛷𝑖𝑗 is the pressure-strain correlation and P the exact production term is given by 
[33]: 
𝑃 = −𝜌(𝑢 ⊗ u̅̅ ̅̅ ̅̅ ̅̅ (∇𝑈)𝑇 + (∇𝑈)𝑢 ⊗ u̅̅ ̅̅ ̅̅ ̅̅ )                                       (3.9) 
 
In the equations of individual stress, appears the turbulence dissipation. The above equa-
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]                            (3.10) 
 
The anisotropic diffusion coefficients of the initial models, in these equations are dis-
placed by an isotropic formulation, that grows the sturdiness of the Reynolds stress 
model, which is also convenient with anisotropic diffusion coefficients. In this case, the 
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Where 𝛷𝑖𝑗 is the pressure-strain correlation, and P, the exact production term, is given by 
equation (3.9).  
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]               (3.12) 
 
5.3 Process of the geometry in ANSYS CFX 
As it is mentioned above, ANSYS CFX software is a high-performance, general-purpose 
fluid engineering program that has been applied to large-scale fluid flow for over 20 years. 
The modern solver of ANSYS CFX is the foundation for a rich selection of physical 
models to capture almost any type of fluid flow-related phenomena. The solver and many 
of its natural models are placed in a modern, smart, flexible and friendly environment, 
with extensive capabilities for customizing and automating various files through a pow-
erful expression language.   
ANSYS CFX is more powerful than simple code CFD. Integration into the ANSYS work-
bench provides two-way connectivity to all the major CAD systems, powerful geometry 
modification, useful tools, advanced grid generation methods, and easy coordination and 
transfer of data and results shared between applications.  
According to the above, the geometry that was introduced in the AutoCAD Inventor was 
imported in the ANSYS CFX in order to run an aerodynamic analysis. The steps of the 
procedure are detailed briefly below, so that the reader will be able to adapt the process 
thoroughly.   
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The first step, was to open the rotor geometry file with the flow field (Figures 4.10-4.13) 
in CFX DesignModeller. After the CAD geometry was inserted, then the next step was to 
generate the mesh around the geometry of the rotor and the blade. The proper way to 
achieve this is by excluding the geometry of the rotor and the blade from the total geom-
etry, in order to separate the geometry of the rotor and the blade from the flow field. The 
flow solution will therefore be applied to all the geometry surrounding this part of the 
rotor. Consequently, there the surfaces of the flow field were declared based on their 
properties, and named one by one so that they can be used in the next steps to define the 
boundary conditions as well as to create the grid. 
The creation of the flow field grid was based on the constraints set by the free version of 
“Ansys 2020 R2 Academic”. In the case of fluid flow simulation, the student version al-
lows meshing with a maximum of 512,000 nodes. As a result, local grid size and density 
parameters had to be created in order to achieve the most accurate grid possible near the 
rotor surface concerned and, compromisingly, an increasingly thinner grid as a function 
of distance from the rotor. 
In addition, the “Inflation” tool was used in order to expand the cells of the grid near the 
surface of the blade, so as to make a more efficient simulation of the fluid in the boundary 
layer. The following figures show the parameters of grid generation, the “inflation” tool, 
and the local density conditions relative to the rotor surface. The final number of nodes 
was limited to 402.436 (nodes). 
For a better convenience of the mesh generation and the inflation near the edges of the 
rotor, the next Figures 5.2-5.4 not only depict in different perspectives the mesh genera-
tion of the solid geometry of the flow field, but also, the density of the grid, which is 
required to be higher near the rotor and the blade.  
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Figure 5.2: The generation of the mesh of the flow field. 
 
Figure 5.3: The generation of the mesh of the flow field. 
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At this point it is useful to present all the data used in the process of creating the grid such 
as the total number, the range the element’s dimensions, the thickness of the first layer, 
etc. 
Figure 5.5: The data used in the grid creation process. 
 
The Figures below, depict sections of the grid, which clearly show the swelling of the 
grid in the boundary layer of the blade surface (inflation), as well as, the density of cells 





Figure 5.5: Grid density near the edge of the blade and inflation. 
 
After the completion of the meshing grid, the next step is to define the solving parameters 
in the “Setup” section of ANSYS CFX. More specifically, the boundary conditions of the 
flow field were defined, such as the direction of the fluid (Inlet & Outlet), the Periodicity 
of 120 degrees that concern the two lateral surfaces and complete the rest of the rotor, as 
well as, the opening in the upper part of the flow field. 
Accordingly, the next Figure 5.6, at the section “Default Domain” was defined: the fluid 
at a specific temperature, the flow field based on the coordinate system (global axis) 
“Coord 0”, the atmospheric pressure and the angular velocity. More specifically, the rotor 
angular velocity corresponding to the mean velocity of 10 m/s, which is equal to 𝑤 =
18.23 𝑟𝑎𝑑/𝑠, was calculated at Chapter 3.2.1. The above parameters are shown in Figure 
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Figure 5.6: Boundary layer conditions in ANSYS Setup.  
Figure 5.7: Definition of parameters in Default Domain 
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At this point, it was mandatory to create a new coordinate system named as “Coord 1” 
which was manually set as the rotation coordinate system, because the default axis did 
not coincide with that of the rotation. The next Figure 5.8 shows the new coordinate sys-
tem and its coordinates. The rotation was set for the "z" axis of the "new coord" system. 
The rotation was set for the “z” axis of the “Coord 1” system. 
Figure 5.8: Creating the axis of rotation as a function of the global axis. 
 
Next in order to solve the torque, there was a need to generate a macro from the “Output 
Control”. The next Figure 5.9, shows the formula for solving the torque. 
Figure 5.9: Introduction of the formula for solving the torque. 
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Lastly, once the setup was done, the rotational periodicity of the flow field with respect 
to the two surfaces and the newly defined axis of rotation, as well as the parameters of 
the solution control (solver control) were defined, also shown in Figures 5.10 and 5.11 
respectively. A maximum number of 10,000 repetitions with a convergence accuracy of 
8 decimal places was selected. 
Figure 5.10: Rotational periodicity for the flow field. 
 
Figure 5.11: Solver control parameters. 
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6 Results 
The next Figures 6.1 and 6.2 depict the variables that were resolved with predetermined 
accuracy after 2178 iterations in the CFX Solution. Except the momentum and mass var-
iables, there was manually created a second one, that of torque, in order to calculate the 
power output and the power coefficient of the wind turbine. 
Figure 6.1: Successful completion of the solution in CFX Solution-Mass and Momentum. 
Figure 6.2: Successful completion of the solution in CFX Solution-Torque. 
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As shown in the past figures, there is a note that refers to the placement of a “wall” in a 
certain percentage of the outlet surface of the fluid, due to the tendency of the fluid to re-
enter that surface. This is because of the proximity of the outlet surface to the opening 
surface of the flow field. However, at the end of the solution, this recirculation prevention 
area covers a negligible percentage of 1% of the total area. 
After the simulation is completed, the section “Results” of ANSYS CFX provides many 
capabilities to examine and analyze the results of the simulation. More specifically, for 
the need of the current thesis, the pressure and velocity around the blade, the velocity with 
respect to a stationary frame, as well other results are shown below. The main notion was 
to make a cut with a plane at four different sections along the blade and observe the 
changes in the gradient or the vectors of each measure. The plane section was placed at 
0,7m, 1,5m, 2,5m and 3,5m from the center of the rotor respectively. 
Figure 6.3: Pressure distribution in section 0.7 m from the center of the rotor. 




Figure 6.5: Pressure distribution in section 2.5 m from the center of the rotor. 
 Figure 6.5: Pressure distribution in section 3.5 m from the center of the rotor. 
 
Observing the figures above, it appears that the pressure gradient increases as the distance 
from the center of the rotor increases. 
Next, there is the velocity distribution. The Figures 6.6-6.9 depict the gradient of the ve-
locity distribution while the Figures 6.10-6.13 depict the vector of the velocity distribu-
tion. It appears that the throughout the blade, the flow is fully attached. The velocity in-
creases similarly to the increase of the radius which also explains the increase of pressure 
towards the tip of the blade. 
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Figure 6.6: Velocity distribution in section 0.7 m from the center of the rotor. 
Figure 6.7: Velocity distribution in section 1.5 m from the center of the rotor. 




Figure 6.9: Velocity distribution in section 3.5 m from the center of the rotor. 
 
Figure 6.10: Velocity vector distribution in section 0.7 m from the center of the rotor. 
Figure 6.11: Velocity vector distribution in section 1.5 m from the center of the rotor. 
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Figure 6.12: Velocity vector distribution in section 2.5 m from the center of the rotor.  














Figure 6.14: Velocity in stationary frame distribution in section 0.7m from the center of the rotor. 
Figure 6.15: Velocity in stationary frame distribution in section 1.5m from the center of the rotor. 
Figure 6.16: Velocity in stationary frame distribution in section 2.5m from the center of the rotor. 
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Figure 6.17: Velocity in stationary frame distribution in section 3.5m from the center of the rotor. 
 





Figure 6.19: Isosurface measuring velocity in stn frame. 
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Lastly, the most significant step of the evaluation of the results of the simulation is the 
comparison of the results that derived from the ANSYS CFX software with those from 
QBlade software that the BEM method was applied. The next Tables 6.1 and 6.2 show 
the results, where on the first one we take into consideration the mechanical losses, set as 
η = 0.9. 
 
 QBlade Ansys 
ω 18,23 rad/sec 
P 10,38 kW 8,52 kW 
Cp 0,42 0,345 
Table 6.1: Comparison of the QBlade and ANSYS CFX results with taking into consideration the me-
chanical losses. 
 
  QBlade Ansys 
P 11,53 kW 9,46 kW 
Cp 0,42 0,345 
Table 6.1: Comparison of the QBlade and ANSYS CFX results 
 
The value of power found in the ANSYS CFX is 18% lower than the result obtained in 












The most viable solution regarding the global warming and the pollution of the environ-
ment is the renewable energy resources with wind being the prominent one. As for that, 
the aerodynamic analysis of a wind turbine is mandatory for the future development. 
 
There are two types of wind turbines, horizontal and vertical axis wind turbines, the 
blades of which, are designed from aerodynamically shaped bodies, the airfoils. The 
shapes of the airfoils vary significantly but the main purpose is that all can produces lift 
due to their aerodynamic design. 
 
To provide the maximum power output, high rotor efficiency is required. The amount of 
energy that can be extracted depends on a physical limit that is independent of the design, 
also known as the Betz limit, a parameter where the power coefficient is max at a value 
of 0.593. 
 
In the view of the design of the blade of the wind turbine, one of the major parameters 
around which all other optimum rotor dimensions are calculated, is the tip speed ratio, 
that for modern wind turbines with three blades, is ranges from 6 to 8. 
 
The power coefficient CP refers to the relationship between the power of the turbine and 
the kinetic energy of the wind when it strikes the blade, while the lift and drag coefficients 
are characteristic for each different airfoil and depend on the Reynolds number, the Mach 
number and the angle of attack. 
 
The performance of a wind turbine is defined by three different key indicators. The cap-
ture of wind energy from the wind turbine rotor is the amount of power, the gearbox and 
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The most significant aerodynamic models are those of the Actuator Disc model, the Lift-
ing Line, Panel and Vortex method, the Blade Element Momentum theory and the Navier-
Stokes Solvers with the last being the most reliable option. 
 
Regarding the boundary layer theory, the most significant phenomenon that develops is 
that of the flow separation. Separation occurs because, in the direction of flow there is an 
increase in static pressure resulting in a reduction in the kinetic energy of the fluid and its 
gradual deceleration. In order, to reduce the development of the wake, it is favorable to 
use a more aerodynamic shape, that of an airfoil. 
 
The second part of the thesis describes thoroughly the procedure of the two-dimensional 
design of the blade of a HAWT wind turbine with nominal speed of 10 m/s that was held 
with the QBlade software, the three-dimensional design of the rotor and the blade and the 
120-degree geometry that will define the periodic conditions of the fluid flow with the 
AutoCAD Inventor and lastly the computational analysis of the later using the ANSYS 
Workbench R2 software. 
 
The results show small alteration between the results from the ANSYS and the QBlade 
software which is reasonable. The power output of the current wind turbine appears to be 
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